Earthworms are primary candidates for national soil health monitoring as they are ecosystem 27 engineers that benefit both food production and ecosystem services associated with soil 28 security. Supporting farmers to monitor soil health could help to achieve the policy aspiration 29 of sustainable soils by 2030 in England; however, little is known about how to overcome 30 participation barriers, appropriate methodologies (practical, cost-effective, usefulness) or 31 training needs. This paper presents the results from a pilot #60minworms study which 32 mobilised farmers to assess over >1300 ha farmland soils in spring 2018. The results 33 interpretation framework is based on the presence of earthworms from each of the three 34 ecological groups at each observation (20cm 3 pit) and spatially across a field (10 soil pits). 35 Results showed that most fields have basic earthworm biodiversity, but 42 % fields may be at 36 risk of over-cultivation as indicated by absence/rarity of epigeic and/or anecic earthworms; and 37 earthworm counting is not a reliable indicator of earthworm biodiversity. Tillage had a 38 negative impact (p < 0.05) on earthworm populations and organic matter management did not 39 mitigate tillage impacts. In terms of farmer participation, Twitter and Farmers Weekly 40 magazine were highly effective channels for recruitment. Direct feedback from participants 41 included excellent scores in trust, value and satisfaction of the protocol (e.g. 100 % would do 42 the test again) and 57 % would use their worm survey results to change their soil management 43 practices. A key training need in terms of earthworm identification skills was reported. The 44 trade-off between data quality, participation rates and fieldwork costs suggests there is potential 45 to streamline the protocol further to #30minuteworms (5 pits), incurring farmer fieldwork costs 46 of approximately £1.48 ha -1 . At national scales, £14 million pounds across 4.7 M ha -1 in 47 fieldwork costs per survey could be saved by farmer participation. 48 3 49
Introduction 50
There is now a significant interest in sustainable soil management and policy in England to 51 achieve the Department of Farming and Rural Affairs (DEFRA) aspiration of sustainable soils 52 by 2030. A sustainable arable agricultural system is considered to have both sustainable crop 53 production for food security and a 'healthy' soil for soil security. However, there have been 54 few soil surveys to inform both land managers and policy makers about the state of farmland 55 soil health in England to best support evidence-based decision making. 56 Over the past decade there have been a number of successful public soil surveys in England 57 using earthworm populations including the Open Air Laboratories Soil and Earthworm Survey 58 which included 0.4 % sites in arable fields [1] ; the Natural England earthworm surveys which 59 included 1.8 % sites in arable fields [2] ; and a school citizen science invertebrate survey (0 % 60 sites in arable fields) [3] . Although earthworms are a primary candidate (out of 183 potential 61 biological indicators) for national soil health monitoring [4] , there has been limited farmer 62 participation to date. Mobilising farmers to monitor soil health could be an effective way to 63 improve the national sustainability of soil management. For example, the 'monitoring effect' 64 where farms taking part in monitoring activities improve their biodiversity faster than farms 65 not taking part in monitoring [5] , fits well with sustainable soil policy aspirations for UK 66 agriculture. 67 Arable soils typically contain 150 -350 earthworms per m 2 and high populations (>400 68 earthworms per m 2 ) are linked to significant benefits in plant productivity, including cash crops 69 such as wheat [6] . There are three ecological functional groups: epigeic earthworms break 70 down surface crop residues and their presence is linked to the breeding season success rates of 71 the song thrush (Turdus philomelos), the latter whose populations have rapidly declined in 72 England [7] . Anecic earthworms incorporate surface organic matter into the soil; and support 4 73 water drainage for plant production [8] and deep crop rooting [9] . UK endogeic earthworm 74 species mix organic and mineral components together to form stable aggregates which benefit 75 spring crop emergence and carbon sequestration [10] . In this way, earthworms support both 76 food production, but also wider ecosystem services associated with soil security. There is no 77 evidence that earthworm biodiversity is constrained in the UK [11] , and invasive flatworms 78 which are earthworm predators are largely geographically restricted to Western Scotland and 79 Ireland [12] . Thus, arable soil management is a key factor controlling the relative abundance of 80 these ecological functional groups. 81 In terms of arable soil management, both epigeic and anecic earthworm species are highly 82 vulnerable to conventional tillage [13] , meaning earthworm community structures could be 83 used to indicate over-cultivated soils. Crop establishment practices have been dominated by 84 this intensive mechanical cultivation for decades [14] , and this continues to be the principal soil 85 management practice for establishing arable crops in England [15] . It is well known that tillage 86 has an adverse effect on the environmental services provided by soils [16] . Over-cultivation 87 impacts soil biological, physical and chemical properties, for example, causing a decline in 88 surface-feeding earthworms to local extinction levels [13, 17] , reduces water stable aggregation 89 which increases the risk of erosion and nutrient losses, and may decrease soil organic carbon 90 levels with implications for climate change [18] . It is unclear as to the extent organic matter 91 management can mitigate the effects of tillage, as the impact of these management activities is 92 subject to local conditions [17] . 93 To date, the use of earthworms in national monitoring schemes has been held back by the 94 absence of a standardised methodology [4] . For example, all three ecological earthworm 95 surveys in England over the past decade have used a different methodology [1-3]. These 96 methods differ from the ISO 23611-1 earthworm assessment method which includes formalin 97 as a vermifuge, precluding its application in citizen science projects. A limitation of the largest 5 98 international survey of farmland earthworm populations (EU FP7 BioBio) was the skilled 99 labour based protocol and high labour cost (on average 4.8 person days (£3 k) per farm for 100 earthworm fieldwork alone, not including taxonomic identification) [5] . 101 The ultimate aim of monitoring is to cost-effectively convey robust information to those who 102 are expected to use it [19] ; essentially the trade-off between data quality, practicability, cost . 112 The aim of the #60minworms pilot study was to support farmers to monitor their own field(s) 113 and generate results that are useful to their soil management decisions. A number of gaps in The #60minworms pilot study (100 fields target) ran between the 15 th March -30 th April 2018 119 ( Fig. 1 ). There was no need for ethical approval as this was undertaken by volunteers (farmers) 120 on their privately-owned land (farms). Survey booklets were distributed directly (at soil health 121 workshops in March) or following a request and posted to potential participants in order to 6 122 quantify recruitment and participation channels. All the participants received a report on their 123 earthworm populations and were invited to take part in the Rothamsted #60minworms workshop 124 on the 3 rd May 2018. The workshop was based around a ClikaPad audience response system to 125 quantify sampling design bias, method compliance, competence, usefulness and future 126 developments, and afterwards, an earthworm identification class was held (at participants 127 request). The outcomes were adopted to make the new Agricultural and Horticultural The #60minworms methodology was designed around the presence of earthworms in the field, 138 enabling a rapid traffic-light based interpretation. The participants required five pieces of 139 equipment to perform the survey: a garden fork to dig the soil pit, a ruler (as 20 cm size pits 140 needed), a mat (to put the soil on for hand-sorting in-situ), a pot with a lid (to stop earthworms 141 escaping) plus a small volume of water (so the earthworms do not dry out) and the results booklet 142 (including a simple earthworm key) with a pen. A timer was recommended to complete the 143 hand-sorting within 5 minutes, unless the soil was too wet or compacted to sort efficiently and 144 time was increased to 10 minutes. Thus, the equipment and consumable costs were negligible; 145 and, an experienced sampler could generally complete the survey in 60 minutes. The procedure 146 was to dig a 20 cm x 20 cm x 20 soil pit and place the soil on the mat. The soil is hand-sorted, 7 147 placing each earthworm into the pot. Once the soil has been sorted, the total number of 148 earthworms were counted and recorded. The earthworms were separated into adults (for further 149 analysis) and juveniles (returned to the pit). Adult earthworms were separated into an ecological 150 functional group (epigeic, endogeic or anecic) using a simple key. There are high levels of 151 cryptic diversity within UK earthworm species [22] , thus species level assessments are beyond 152 the scope of this agricultural soil health assessment. The total numbers of epigeic (small red 153 worms), endogeic (pale or green worms) or anecic (heavily pigmented, large worms) adults were 154 recorded for each pit. After analysis, the adult earthworms were returned to the pit. This was 155 repeated 10 times via a W-style sampling pattern across the cropped field. 156 To address some of the common concerns relating to earthworm analyses, the seasonal 157 reproducibility was tested on nine AHDB strategic farm fields (eight arable and one grass field) 158 in October 2017 and April 2018. To assess the reliability of 10 or fewer soil pits per field; 20 159 soil pits per field (n = 9 fields) were measured. To assess the accuracy of hand-sorting 160 earthworms in 5 minutes, sorted soil was re-sorted for 5 minutes and earthworms were collected 161 for further analyses. This was performed by three volunteers on nine fields (range of soil 162 textures and crop types) (n = 27 pit resorted) in April 2018.
To to 55 %, and engagement was amplified to '96 %' (multiple fields surveyed) by participants 213 recruited through Farmers Weekly (Fig. 1) . In contrast, no engagement (0 %) from potential 214 participants recruited via the soil health workshops or newsletters was found. The Rothamsted 215 #60minworms workshop was attended by participants from a diverse range of management 216 practices, primarily interested in improving soil health assessments and no prior experience in 217 earthworm monitoring (Fig. 1) .
218
Cost and usefulness of the #60minworms survey 219 Most participants (77 %) reported spending 5-mins hand-sorting each soil pit, enabling 220 completion within 60 minutes. The number of samples was fixed at 10 replicates, but field 221 surveys ranged between 2 to 80 hectares (average observation was 1.08 ± 0.08 pit per hectare) 222 and the longest reported survey took 3 hours. Using the person (farmer) day costs in the UK[5], 223 where the majority (66 %) of participants performed the #60minworms analysis alone means 224 the typical farm labour costs were €28 (£25). A total of 34 % participants completed the survey 225 with fieldwork support provided by up to 3 people, increasing the cost to €84 (£75) per field. 226 The real farm labour costs (in-kind) for the 126 field #60minworm pilot field study can 227 therefore be estimated to be in the order of €5928 (£5300); which on a per hectare basis is €4.50 228 (£4). 229 There were a range of motivations for taking part in the #60minworms survey, and excellent 230 scores in value, trust and satisfaction of the method (Fig. 2) with the high (29 %) primary use of results would be to compare their results to others (Fig. 2) . 236 Further, most participants would use the survey to compare soil management practices on-farm 237 (36 %); which is in agreement with participants performing multiple field surveys and change 238 their soil management practices based as a result earthworm monitoring results (57 % 239 participants) (Fig. 2) . There was no interest in regional trends, with usefulness only linked to 240 relevant comparisons and threshold values (Fig. 2) . There was full geographic coverage in England and a range of management practices surveyed 247 ( Fig. 3) . Choosing the smallest field was not a sampling strategy by any participant, and good 248 levels of compliance were recorded, for example, all participants measured the size of their soil 249 pit(s). A key training need in earthworm identification skills (Fig. 3) , Table S1 ); but 265 the presence (or absence) of each ecological group was consistent (SI, Table S1, S2). 266 Comparing results at 20, 10 and 5 sampling pits per field; 10 sampling pits would incur an error and field management practices (SI , Table S3 ). Tillage significantly (p < 0.05) impacted the 277 general earthworm presence, epigeic presence, anecic presence, presence of hotspots and 278 number of earthworms per hectare (SI Fig. S1 , Table S4 ). Organic matter management included 13 279 straw retention, cover cropping or manuring (including animal manures, compost, anaerobic 280 digestate, humic substances or biosolids). The only significant impact on the numbers of 281 earthworms was straw retention (p = 0.04), Table S4 . Cover cropping, significantly impacted 282 the presence of anecic earthworms (p = 0.03), (SI Fig. S2 , Table S4 ).
283
A total of 77 % fields had a 100 % presence of earthworms (at least 1 earthworm per pit), with 284 the lowest presence recorded at 30 % for one field. There were no sightings of epigeic 285 earthworm on 21 % fields, and anecic earthworms on 16 % fields ( Trade-offs between data quality, participation rates and cost 294 The aim of #60minworms was to indicate soils at risk of over-cultivation through the 295 absence/rarity of epigeic and anecic earthworms that have well known sensitivity to tillage. 296 Reducing the sampling intensity to five soil pits (e.g. #30minworms) and changing the sub-297 optimal threshold to <20 %, shows good agreement to the 10-pit survey ≤10 % category 298 threshold (Tables S5b, c ). An alternative metric is to rate the soil health of a field based on 299 earthworm numbers at a sampling intensity of one soil pit per field as proposed for the AHDB 300 soil scorecard [25] . This survey indicates that between 68 -88 % fields could be categorized 301 as 'depleted' through to 'active' (Table S6 ). In comparison a sampling intensity of five soil 302 pits per field provided average earthworm count data that was in good agreement with these 14 303 data calculated at 10 soil pits per field (Table S6) , and 20 % of fields would be categorized as 304 'depleted' at this sampling intensity. However, even at a high soil pit replication (n = 10) there 305 was a limited concomitant relationship between #60minworms ecological group absence(s) and 306 AHDB soil scorecard 'depleted' earthworm numbers in field classifications ( x 10 minutes earthworm fieldwork set at 100 %), indicates that a five-pit field survey has 313 significant potential (Fig. 4 ). An average #30minworms field survey (10.9 ± 0. The pilot #60minworms study effectively mobilised farmers to reach the target of 100 fields 332 (Fig. 1) . It was hypothesised that the workshops and newsletters would lead to the highest 333 recruitment and participation rates due to a direct interaction and targeted approach (requiring 334 a high time and cost), but posed a risk of location bias i.e. small geographic area monitoring. 335 However, these channels had no impact on participation. Twitter, Farmers Weekly and The 336 Farmers Forum were the most effective channels for recruitment. Twitter and Farmers Weekly 337 recruits had exceptional participation and engagement rates, demonstrating the potential 338 importance of these media channels to achieving soil security in agriculture. A high interest in 339 community science was identified at the #60minworms workshop, with participants placing 340 high value on others' results, data collection abilities and motivations for sampling ( Fig. 2) , 341 which would likely explain the impact of e.g. Twitter and Farmers Weekly over that of the 342 isolated workshops and newsletters; with a further benefit of the wide geographic survey spread 343 (Fig. 3) . The community concept is further corroborated by the primary application of 344 monitoring being to compare results within and between farms (64 %), and a high (87 %) 345 interest in annual earthworm results from scientific national capability field trials e.g. 346 Broadbalk indicating the potential to amplify both spatial and temporal soil health monitoring 347 over and above what is achievable by these groups individually. Future developments that 348 prioritize quick assessment protocols to enhance participation rates (farmers and number of 349 fields), such as a #30minworms survey (Fig. 4) would likely be the most useful to farmers, as 350 most participants (57 %) would change their soil management practices as a result earthworm 351 monitoring results. This is in agreement with the 'monitoring effect', which is a confounding 352 factor for gauging biodiversity [5] , but is aligned with the DEFRA aspiration of sustainable 353 soils by 2030. The absence of interest in regional data agrees with the primary interest in soil
